Functional neuroimaging studies implicate limbic and paralimbic activity in emotional responses, but few studies have sought to understand neurochemical mechanisms which modulate these responses. We have used positron emission tomography to measure -opioid receptor binding, and cerebral blood flow in the same subjects, and demonstrated that the baseline binding potential and the regional cerebral blood flow in the left inferior temporal pole are functionally related. Higher baseline -opioid receptor binding potential was associated with lower regional cerebral blood flow in this region during presentation of emotionally salient stimuli. This is consistent with an inhibitory͞anxiolytic role of the endogenous opioid system in limbic regions of the temporal lobe and basal forebrain. N euroimaging studies have implicated temporal lobe and basal forebrain in the mediation of emotional responses. These large neuroanatomical regions contain central components of the limbic system, such as the amygdala and hippocampus, as well as associated limbic and paralimbic cortex (1). Functional neuroimaging studies, along with lesion data and animal research, have began to illuminate specific roles of limbic structures in various components of emotional processing, including the role of extended amygdala in salience (2, 3) and the role of orbitofrontal cortex in processing reward contingencies (4). A more precise understanding of the specific roles of limbic regions is essential for a better understanding of pathological conditions involving emotional dysregulation, e.g., psychiatric disorders. Functional studies of limbic structures in psychiatric disorders have just begun, but initial findings suggest that abnormal regional cerebral blood flow (rCBF) in these regions might be characteristic of specific diagnoses (5-7) or, alternatively, specific psychiatric symptoms, cutting across diagnostic boundaries (8, 9). Although such findings suggest hypo-or hyperactivity of limbic regions in a particular disorder, pathophysiologic processes giving rise to abnormal rCBF remain poorly understood. The study of neurotransmitter systems in vivo can provide an important link between cellular neurochemistry and functional neuroanatomy; although relatively few studies have attempted to make such links so far. The development of positron-emitting radiotracers designed for characterizing specific receptor sites, which can probe the neurochemistry of limbic systems in vivo, provides an attractive tool to combine with functional activation studies of limbic brain.
Functional neuroimaging studies implicate limbic and paralimbic activity in emotional responses, but few studies have sought to understand neurochemical mechanisms which modulate these responses. We have used positron emission tomography to measure -opioid receptor binding, and cerebral blood flow in the same subjects, and demonstrated that the baseline binding potential and the regional cerebral blood flow in the left inferior temporal pole are functionally related. Higher baseline -opioid receptor binding potential was associated with lower regional cerebral blood flow in this region during presentation of emotionally salient stimuli. This is consistent with an inhibitory͞anxiolytic role of the endogenous opioid system in limbic regions of the temporal lobe and basal forebrain. N euroimaging studies have implicated temporal lobe and basal forebrain in the mediation of emotional responses. These large neuroanatomical regions contain central components of the limbic system, such as the amygdala and hippocampus, as well as associated limbic and paralimbic cortex (1) . Functional neuroimaging studies, along with lesion data and animal research, have began to illuminate specific roles of limbic structures in various components of emotional processing, including the role of extended amygdala in salience (2, 3) and the role of orbitofrontal cortex in processing reward contingencies (4) . A more precise understanding of the specific roles of limbic regions is essential for a better understanding of pathological conditions involving emotional dysregulation, e.g., psychiatric disorders. Functional studies of limbic structures in psychiatric disorders have just begun, but initial findings suggest that abnormal regional cerebral blood flow (rCBF) in these regions might be characteristic of specific diagnoses (5-7) or, alternatively, specific psychiatric symptoms, cutting across diagnostic boundaries (8, 9) . Although such findings suggest hypo-or hyperactivity of limbic regions in a particular disorder, pathophysiologic processes giving rise to abnormal rCBF remain poorly understood. The study of neurotransmitter systems in vivo can provide an important link between cellular neurochemistry and functional neuroanatomy; although relatively few studies have attempted to make such links so far. The development of positron-emitting radiotracers designed for characterizing specific receptor sites, which can probe the neurochemistry of limbic systems in vivo, provides an attractive tool to combine with functional activation studies of limbic brain.
Work in our laboratory has implicated the extended amygdala in the mediation of aversive emotional responses, such as fear or disgust (2, 10, 11) , consistent with both the animal literature (12, 13) and with other imaging studies (14, 15) . Among the various neurotransmitter systems implicated in the regulation of limbic and paralimbic regions, the endogenous opioid system and -opioid receptors have been implicated in the modulation of fear (16) , the suppression of affective defense behavior (17) and emotions (18) and in the regulation of the anxiolytic effects of benzodiazepines (19) . High -opioid receptor density has been demonstrated in limbic and paralimbic regions, including the amygdala (20) , by using a specific -opioid receptor PET ligand: [ . We hypothesized that -opioid receptor binding and the rCBF response to emotional stimuli in amygdaloid region are related functionally, such that higher rCBF response in the amygdaloid region would be associated with lower -opioid receptor binding potential (BP) at baseline. To test this hypothesis, and to examine functional relationships between amygdaloid -opioid receptors and amygdaloid activation in response to aversive stimuli, we performed serial positron emission tomography (PET) studies in the same subjects. We obtained measures of -opioid receptor availability with 
Methods
Subjects. Twelve healthy male volunteers were recruited from community advertisements (mean age ϭ 45.8 Ϯ 5.6 y). Subjects had no past or current history of chronic medical or neurological illness. Absence of an Axis I psychiatric disorder was verified by a structured clinical interview (21) . All subjects gave written, informed consent after explanation of the experimental protocol, as approved by the local Institutional Review Board. Subjects were compensated $200 for their participation in this study.
Psychophysiology. Skin conductance was recorded by using an MP-100 psychophysiological monitoring system (BioPac Systems, Santa Barbara, CA). Ag͞AgCl electrodes filled with isotonic electrolyte jelly (KY jelly, Personal Product, Skillman, NJ) were attached to the volar surface of the second phalanx of the first and third fingers of the left hand. Waveform peak and integral during image presentation were analyzed, relative to a 1-sec baseline before image presentation.
[ 11 C]CFN Protocol. PET scans were begun at 9:00 a.m. by using a Siemens ECAT EXACT-scanner, while subjects were resting quietly, with eyes open. Subjects were positioned in the PET scanner gantry, using the orbito-meatal line as a reference line. A forehead restraint was used to reduce intrascan movement. [ 11 C]CFN, a selective -opioid receptor radiotracer was synthesized at high specific activity (Ͼ1,000 Ci͞mmol) (22) with minor modifications to improve its synthetic yield. Up to 18 mCi were administered, with a maximum mass injected of 0.03 g͞kg͞study. This dose ensured that the compound was administered in true tracer quantities, therefore eliminating significant changes in receptor occupancy during the scan and physiological effects at the dose injected. The dose (55%) was injected as a bolus, with the remainder administered as a continuous infusion by using a computer-controlled, automated pump. Nineteen sets of PET scans in three-dimensional Abbreviations: PET, positron emission tomography; BP, binding potential; rCBF, regional cerebral blood flow; SLEA, sublenticular extended amygdala; VOI, volumes of interest; CFN, carfentanil; PTSD, posttraumatic stress disorder; mPFC, medial prefrontal cortex; DV, distribution volume; PANAS, positive affectivity-negative affectivity scale. ‡ To whom reprint requests should be addressed. E-mail: liberzon@umich.edu.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. acquisition mode were acquired over 70 min with an increasing duration (30 sec up to 5 min). Scans were decay corrected and reconstructed by filtered back-projection by using a Hanning 0.5, in a 24 ϫ 24 cm field-of-view, with scatter and attenuation correction ( 68 Ge source). The dynamic scans were subsequently aligned to each other and reoriented to the intercommissural line (anterior commissure-posterior commissure line) by using fully automated algorithms (23) .
Activation Protocol. Subjects returned to the PET suite in the early afternoon (Ϸ12:30 p.m.) after having a standardized light lunch (sandwich and juice) with no caffeine content.
Stimuli. Subjects viewed two sets of complex visual images and a third set of blank screens as a control condition. The images were selected from the standardized international affective picture system. One set contained negatively valenced, aversive images, such as facial mutilation, wounds, and dead bodies. A second set contained neutral images of common objects, which did not elicit strong emotions, such as faces with neutral expressions and benign scenes. Because processing of faces recruits specific brain regions (24), we matched these two sets with respect to the number of slides portraying faces and human figures. In addition, to control for potential effects of differential color composition, e.g., more red in aversive images, all images were rendered in black and white. The set of blank images consisted of a fixation cross on four different gray fields of varying saturation. We analyzed and matched the image sets, including the blanks, on overall luminance (PHOTOSHOP 4.0, Adobe Systems, Mountain View, CA).
Scanning Sequence and Stimulus Presentation.
We acquired PET data, psychophysiological data, and subjective responses while subjects viewed images with aversive emotional content, neutral emotional content, or blank content, in a block design. Images were presented by using SUPERLAB (Cedrus, Phoenix) and displayed on an LCD computer monitor suspended 40 cm from the subject, at a 15°viewing angle. Fourteen images per block were displayed for 5 sec each, with no interstimulus interval. The first block always consisted of neutral stimuli without PET image acquisition to allow the subjects to adjust to the scanner and to determine the precise timing of radiotracer arrival to the brain. Acquired data consisted of two runs of the three conditions, in the same order, with this order counterbalanced across subjects.
Behavioral Task. Subjects verbally rated the pictures for aversive content on a 5-point scale: from ''1,'' not at all unpleasant to ''5,'' extremely unpleasant. During the blank condition, subjects were instructed to say ''3'' each time the fixation cross blinked (every 5 sec). Subjects rated their emotions after each set of stimuli by using the modified positive affectivity-negative affectivity scale (PANAS) (25) to assess the overall emotional tone immediately after presentation of the stimuli. Data were collected in three-dimensional acquisition mode, as a single 60-sec frame beginning 2 sec after the arrival of the radioactivity in the brain. Lights were dimmed and ambient noise (from cooling fans) was minimal. Scans were separated by 12 min. Stimuli presentation began 5 sec before image acquisition. Either preceding or following the six scans described above, four additional scans were acquired for each subject by using different conditions, the results of which will not be discussed here.
Analysis [ 11 C]CFN Data Processing.
Image data were transformed, on a pixel-by-pixel basis into two sets of parametric maps: (i) a tracer transport measure (K1 ratio), which is proportional to cerebral blood flow (tracer transport ϭ blood flow x extraction), and (ii) a receptor-related measure. Tracer transport and binding measures were calculated by using a modified Logan plot (26) on a pixel-by-pixel basis with occipital cortex, an area devoid of -opioid receptors (20) , as reference region. The Logan plot becomes linear by 10 min after the start of radiotracer administration with a slope proportional to the (B max ͞K d ) ϩ 1 for this receptor site [distribution volume (DV) ratio], where B max ͞K d is the receptor measure (referred to as ''binding potential'' or in vivo receptor availability in the text). K1 images were first aligned to the intercommissural line and nonlinearly warped to stereotactic coordinates, as previously described (23, 27) Using this transformation matrix from the K1 image, the coregistered DV ratio images were then anatomically normalized.
The measurements of -opioid receptor BP were obtained at baseline (Ϸ150 min before the rCBF studies), and there is no reason to expect systematic rCBF changes (and hence changes in tracer transport) during the receptor quantification studies. CFN is relatively insensitive to blood flow changes induced during the receptor measurement, when appropriate kinetic techniques are used in the analyses. We have performed extensive computer simulations to determine the influence of changes in rCBF on BP, with most regions showing less than a 1% bias in B max ͞K d with a 10% change in flow. In other words, a 5% increase in flow, in the typical range observed in cognitive challenges, caused a 0-0.5% positive bias in B max ͞K d , independent of whether B max ͞K d also increased, decreased, or remained unchanged. The total mass of CFN injected was 0.028 Ϯ 0.004 g͞kg͞scan, ensuring that the compound was administered in tracer quantities, i.e., subpharmacological doses. We also calculated expected percentage occupancy of -opioid receptors at peak regional CFN concentrations by using the mass of CFN and the known concentration of -opioid receptors in the human brain (postmortem) (28, 29) . For areas with high receptor binding, the average percentage occupancy was estimated to be 0.2-0.5%, These doses and receptor occupancies do not induce changes in physical state (e.g., side-effects), nor do they induce more subtle analgesic, respiratory, or pupilary changes.
[ 15 O]H2O Data Processing. Analysis first used a standardization process that enabled averaging of image data both within and across subjects. Automated routines normalized images proportionally to the mean of global activity (arbitrarily set to 1,000), and individual images within each subject were coregistered to the fourth scan to correct for head movement that may have occurred between scans (usually Ͻ2-mm translation and Ͻ2°r otation). A nonlinear transformation was applied to each image to standardize individual anatomy according to a reference brain atlas (23, 27, 30) . Standardized images were smoothed with a three-dimensional 9-mm Gaussian filter, yielding a final, effective full-width half-maxima of Ϸ14 mm. Difference images were made by subtracting scans obtained in different conditions, and expressed as Z scores, using the between-subjects variance (31, 32) . We searched for significant activations on the basis of regional a priori hypotheses as well as by an image-wide search unconstrained by regional predictions. Within the a priori defined volume (Ϸ120 ml), which consisted of medial frontal cortex (including rostral anterior cingulate gyrus), bilateral temporal poles (including amygdaloid regions and associated cortex), hypothalamus, and ventral forebrain, we set a significance threshold of Z ϭ 3.09 (0.001 probability of type I error, uncorrected). We accepted 3.1 Ͼ Z Ͼ 2.9 as trend-level activations (P Ͻ 0.005, uncorrected) in the region of interest, to permit comparisons with other published work. For the imagewide search, we reported activations that exceeded a corrected probability of P Ͻ 0.05. This generally corresponded to Z score of Ϸ4.4 for our image sets by using a statistical threshold estimated using the Euler characteristic (32), number of pixels in the gray matter, and the image smoothness (31). ]water studies were correlated with rCBF activity during stimuli presentation. Both the total rCBF and the contrasts (aversive minus blanks and nonaversive minus blanks) were examined. BP for volumes of interest (VOI) were calculated within 13.5-mm sphere (6 voxels) placed on the stereotactic coordinates of activation foci obtained in the activation studies. The VOI was also positioned on the anatomically normalized DV ratio binding maps from the CFN study. -Opioid receptor availability data are expressed as the mean ϩ SD of B max ͞K d values.
Results

Behavioral and Psychophysiological Results.
Results from the online subjective rating of aversiveness of the stimuli, and from the skin conductance recording, verified the intended manipulation of emotional content. Our subjects experienced the aversive pictures as significantly more disturbing than the nonaversive pictures (t ϭ 6.41, df ϭ 10, P Ͻ 0.0001) ( Table 1 ). In concert, significantly larger increases in skin conductance (F ϭ 9.0, df ϭ 2, P Ͻ 0.01) were found for aversive stimuli as compared to neutral and blank conditions. The overall emotional tone during the presentation, as reflected in composite negative and positive valence factors from the modified PANAS (see Methods), also confirmed sustained differential emotional states during block presentations (Table 1) . After the presentation of aversive sets, our subjects reported a more negative mood as compared to the nonaversive and blank sets (t ϭ 3.96, df ϭ 10, P Ͻ 0.005 and t ϭ 4.05, df ϭ 10, P Ͻ 0.005, respectively). Accordingly, the subjects scored their mood as more positive during the neutral set than during the aversive set (P Ͻ 0.07 trend level). We could not detect any behavioral or pharmacological effects of CFN administration that could affect the afternoon rCBF studies. [ 15 O]H2O Studies. All complex visual stimuli (both aversive and nonaversive) activated the sublenticular extended amygdala (SLEA) region as compared to the blank condition, replicating our previous findings ( Table 2 and Fig. 1 ). Aversive stimuli, as compared to blanks, activated an area in the left amygdala, which was not present in the nonaversive minus the blank condition. A direct comparison of aversive and nonaversive conditions revealed an additional activation peak in the infero-temporal pole. This activation focus extended at least 8 mm on the A-P plane from the lateral nucleus of the amygdala posteriorly to inferior temporal gyrus (see Fig. 1 ). All three activation peaks reported here fell within the a priori regions of interest containing limbic structures implicated in emotional processing.
Neuroimaging Results
Outside of limbic regions, activation occurred in the dorsomedial prefrontal cortex (mPFC) (Brodmann area 9) in the aversive and nonaversive conditions as compared with the blank condition, and in the left dorso-lateral prefrontal cortex in the aversive minus blank condition (Fig. 2. Table 2 ). During the aversive condition, there was a negative correlation (r ϭ Ϫ0.58, P Ͻ 0.06 trend level significance) between the rCBF in the dorso-mPFC (VOI peak coordinates x ϭ 1, y ϭ 55, z ϭ 29) and the normalized rCBF in the left amygdala only (VOI peak coordinates x ϭ 24, y ϭ 1, z ϭ Ϫ29). In the visual cortex, the comparisons of aversive and neutral conditions with the blank condition both yielded two peaks in the cuneus͞lingual gyrus, and one in the fusiform gyrus (Table 2 ).
-Opioid Receptor Availability. To examine the hypothesis regarding limbic -opioid receptors, we examined relationships between baseline -opioid receptor BP and the cerebral blood flow response to salient stimuli. The mean BP within the VOI identified in the rCBF studies were 1.13 Ϯ 0.38 in the SLEA region, 1.28 Ϯ 0.22 in left amygdala, and 1.28 Ϯ 0.20 in inferior temporal region. Based on our a priori hypothesis, we examined correlations between BP and rCBF only in the three limbic regions that exhibited significant activation in response to emotional stimuli. In support of our hypothesis, we found significant negative correlation (Spearman ϭ Ϫ0.59, P ϭ 0.04) between -opioid receptor availability in inferior temporal pole (Fig. 3 ) at baseline and rCBF during emotionally salient stimulus presentation (aversive and nonaversive stimulus conditions) (Fig.  4) . No other significant correlation was noted between rCBF and BP.
Discussion
To identify neurotransmitter systems that might modulate limbic activation, we tested the relationship between the rCBF response to emotional stimuli and baseline -opioid receptor BP. Confirming our hypothesis, we demonstrated a negative correlation between rCBF in the inferior temporal pole and CFN binding. This association between lower CFN BP at baseline and higher rCBF during emotional stimuli presentation is consistent with an inhibitory or anxiolytic role for the endogenous opioid system in this limbic region, which has strong projections to the adjacent amygdaloid nuclei (1) . In other words, higher baseline -opioid BP was associated with lower rCBF during emotional stimuli presentation, potentially reducing the neural intensity of the response. To our knowledge, this is the first evidence linking regional cerebral blood flow reflecting neural activity and the binding capacity of an endogenous neurotransmitter in the same limbic region. Fig. 1 . Activity increases in limbic regions. The activity increase for nonaversive pictures (top row) and aversive pictures (bottom row) relative to the blank condition, and aversive relative to nonaversive pictures (middle row), in coronal planes. For all comparisons, activation is depicted as Z scores on the color scale, displayed for Z Ͼ 1.65 (uncorrected probability of P Ͻ 0.05), mapped onto a reference MRI atlas. Numbers below the bottom row correspond to millimeters anterior͞posterior of the anterior commissure. The red arrows point to the peak activity in SLEA region, amygdala, and inferior temporal region. The involvement of endogenous opioid systems in stress, antinociception, and emotional responses has been demonstrated in multiple studies (for a recent review, see ref. 33) . Consistent with the proposed inhibitory or anxiolytic role for -opioid receptors in amygdaloid regions, Sugita and North (34) have demonstrated in animals that activation of -opioid receptors hyperpolarizes Ϸ50% of lateral amygdaloid neurons. Helmstetter et al. (35) demonstrated that -opioid receptors in basolateral amygdala modulate transmission in neural circuits involved in stressrelated hypoalgesia. Similarly, an inhibitory role for -opioid receptors has been demonstrated in related regions, such as ventrolateral periaqueductal gray (36) and ventral pallidum (37) . Using PET to measure rCBF, Casey et al. (38) , demonstrated that a -opioid agonist attenuates thalamic and cortical responses to noxious stimulation in humans. -Opioid receptors have been colocalized with both N-methyl-D-aspartate (NMDAR1) (39) and ␥-aminobutyric acid (40) receptors in limbic regions. This suggests that the inhibitory effects of -opioid receptors can be exerted both by direct mechanisms, such as hyperpolarization, or by indirect mechanisms, such as modulation of ␥-aminobutyric acid and͞or glutamatergic transmission.
The variances in baseline -opioid receptor binding found here could ref lect a between subjects difference in the concentration of the -opioid receptor, or differences in the baseline release of its endogenous ligand(s), that competes with our radiotracer. Based on our data alone, we cannot distinguish between these two possibilities; however, in both cases, lower binding capacity potentially ref lects fewer binding sites available for endogenous ligand during emotional stimulation. If, as proposed above, the role of endogenous opioids is to inhibit activation in these regions, lower -opioid BP could lead to lower capacity to modulate responses to aversive stimuli. Alternatively, -opioid receptors could be located on the inhibitory interneurons, as has been demonstrated in the hippocampus (41) . In this case, lower binding capacity, ref lecting higher release of endogenous opioids at baseline, could lead to stronger inhibition of interneurons, and as a result, weaker inhibition during emotional stimulation. Both presynaptic and somatodendritic -opioid receptors have been identified in limbic regions, suggesting that these alternative interpretations are possible. Future studies will be needed to elucidate the precise mechanisms involved in -opioid modulation of limbic activity.
Salient stimuli (both aversive and nonaversive), compared to a blank condition, activated the SLEA region, extending our previous findings (2) , to an older cohort of male subjects, and further supporting the validity of emotional activation paradigm used. These findings are also consistent with the role of the SLEA region in processing general emotional salience, as hypothesized from our earlier work (I. Liberzon, L. R. Decker, and S. F. Taylor, unpublished work). Nevertheless, the limited anatomic resolution of this technique leaves some uncertainty as to the exact neural systems generating observed responses because of the presence of various neuronal populations in basal forebrain and hypothalamus. For example, we cannot rule out that activity in the cholinergic neurons of the corticopetal system, contributed to the activation in SLEA. However, because blood flow activation generally represents activity from terminal projections (42) , it is less likely that we would see a significant contribution from cell bodies in SLEA.
We found the correlation between CFN BP and rCBF in the left inferior temporal region, raising the question as to the significance of this laterality. However, it is important to note that we tested only for correlations in the three limbic regions that exhibited significant activation; therefore we cannot draw any conclusions about any possible correlations on the right because we did not test for any. The left lateralization of the activation focus is of potential interest, although we noted both left-lateralized and bilateral activation of limbic temporal lobe structures in separate studies conducted in our laboratory (2, 10, 11) . Therefore, we think that interpretations about lateralized function from this single experiment would be premature because it could stem from true laterality differences, the issue of power, or from other methodological reasons.
In addition to the activation focus in the SLEA, activation in a more caudal amygdaloid area was present during the presentation of aversive stimuli. We have previously observed activation caudal to the SLEA in the amygdala, proper, in response to aversive stimuli (ref. 2 and I. Liberzon, L. R. Decker, and S. F. Taylor, unpublished work). The present data confirm this association and are consistent with a hypothesized rostro-caudal gradient, within extended amygdala, for appetitive and aversive stimuli. We also have found activation of the amygdala by nonaversive stimuli in other studies (11) . Thus it is possible that the amygdala (or a subsets of nuclei within this complex structure) can activate for generally salient stimuli, in addition to more specific responses to aversive stimuli. Complex visual stimuli, compared to blanks, also modulated activity in cortical regions: mPFC (-BA 9), visual cortex (Cuneus͞lingual and fusiform gyrae), and dorsolateral prefrontal cortex (BA, aversive stimuli only). Activation of visual cortex represents the expected effect of processing complex visual stimuli. mPFC has been consistently activated in numerous emotional activation studies (43, 44) and may play a role in cognitive-emotional interactions. We proposed earlier that the mPFC might play a compensatory or inhibitory role during emotional activation of amygdaloid regions. ʈ The negative correlation between regional blood flow in the mPFC and the left amygdala provides empirical evidence in support of this hypothesis.
The current study replicates and further extends our earlier findings on the role of the extended amygdala (like SLEA) and the mPFC in processing of emotional stimuli. Most importantly, it demonstrates a novel link between limbic activity in response to emotionally salient stimuli and -opioid receptor BP, consistent with the inhibitory͞anxiolytic role of limbic -opioid systems in emotional responses. The elucidation of 
